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ABSTRACT: Palladium nanoparticles (PANPs) supported on
cellulose nanocrystals (CNXL) were synthesized in a single
step from Pd(hexafluoroacetylacetonate), (Pd(hfac),) in
subcritical and supercritical carbon dioxide. CNXLs acted as
both the reducing agent and support material for the obtained
nanoparticles. Dry Pd nanoparticles supported on the cellulose
nanocrystals (PANP@CNXL) were obtained by simply
venting the CO, and were characterized by FT-IR, X-ray
photoelectron spectroscopy (XPS), powder X-ray diffraction
(XRD), thermogravimetric analysis (TGA), and transmission
electron microscopy (TEM). The results show that the Pd nanoparticle diameters varied between 6 and 13 nm with varying
pressure (240—2200 psi), reaction time (2—17 h), and weight ratio of the precursor Pd(hfac), to CNXL (1—4% w/w). Particles
with diameters above 13 nm appeared not to remain attached to the CNXL surface. Reaction conditions also affected the Pd
loading in the final PANP@CNXL composite. Finally, the PANP@CNXL composites were shown to be effective catalysts for
carbon—carbon bond formation in the Mizoroki—Heck cross-coupling reaction, in line with other reports.
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Bl INTRODUCTION catalytic hydrogenation,"® Suzuki—Miyaura and Mizoroki—
Heck cross-coupling reactions,"* decolorization of azo dyes

The properties of nanoparticles are different from those of bulk s /
used in the treatment of wastewater,” and the selective

materials due to their small size and large surface to volume

ratio.' Among nanoparticles, transition metal nanoparticles hydrogenation of C=C bonds.® In addition, Lunsford et al.
have received a large amount of attention as catalysts for a wide reported the use of supported Pd nanoparticles in catalyzing the
range of chemical reactions.””® In particular, palladium (Pd) is direct formation of hydrogen peroxide from H, and O, for the
the most broadly used catalyst for the synthesis of fine first time."” Owing to the good electrocatalytic activity of Pd
chemicals in preparative chemistry and on an industrial scale’ as nanoparticles, they have also been used as the anode catalyst in
both a heterogeneous and homogeneous catalyst.8 Support of direct formic acid fuel cells (DFAFCs)"'® and biosensors."”

Pd on natural substrates has gained a lot of interest and has The common synthetic methods for the preparation of metal
recently been reviewed.” However, in the form of nanoparticles, nanoparticles are thermal decomposition or chemical reduction.

aggregation of naked Pd(0) nanoparticles (Pd black) is a very
common problem due to the high reactivity and high surface/
core atomic ratio.'® As a result, catalyst activity and selectivity
decreases with increased aggregation. The use of capping agents
can reduce or prevent aggregation, but such agents tend to
reduce the reactivity of the surface, thereby reducing the ) ) 3
catalytic activity of the stabilized nanoparticles. An alternative consumption and case of nanoparticle recovery after synthesis
approach is to support nanoparticles onto materials, which can should also be taken into account.

reduce or prevent aggre%ation, without blocking access to the

To maximize the sustainability of nanoparticle production, their
synthesis should make use of (i) a renewable or easily
recyclable reducing agent, (ii) a renewable material for the
stabilization of the nanoparticles, and (iii) an environmentally
benign reaction medium.’°”>* Minimization of energy

reactive surface atoms.' Supported palladium nanoparticles Received: February 7, 2014
have recently been studied as catalysts for a range of reactions Revised:  March 23, 2014
such as the catalytic hydrogenolysis of C—OH bonds,*? Published: April 1, 2014
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Several renewable materials have already been reported to act
as both reducing agent and/or stabilizer. For example, f-D-
glucose and starch have been used as the reducing agents and
template for the synthesis of supported silver, gold, and
palladium nanoparticles,">**** and cellulose or cellulose
derivatives as both reducing agent and stabilizer for the
synthesis of palladium, nickel, silver, gold, platinum, and
selenium nanoparticles have also been reported.”*~>' Pd(0)
nanoparticles supported on cellulose have generally been
prepared with the use of an exogenous reducing agent,*>**
though a “reagentless” method that was conducted under
aqueous conditions was recently disclosed.>* Use of a
“reagentless” method and an easily removable solvent, such as
a gas, would make the preparation of dry ready-to-use catalyst
powder straightforward. It would reduce shipping costs, and
any desired quantity could be added to a reaction system
without the need for drying, concentrating, or separation.

Our research group has previously reported the inherent
potential of cellulose nanocrystals (CNXLs) as a stable surface
for reduction of metal ions and immobilization of metal
nanoparticles due to its abundant surface hydroxyl groups; the
syntheses of platinum and silver nanoparticles from their
aqueous solution mixed with CNXL were performed in a
scCO,/water” and in a hydrothermal®® system. Pt nano-
particles supported on carbon have also been prepared by
CNXL reduction in water in the presence of mesoporous
carbon to form electrocatalysts.a'7 Furthermore, CNXLs have
also been used as support material for catalytically active gold
nanoparticles using NaBHy as the reducing agent for the
formation of the gold nanoparticles,®® while Cirtiu et al.
reported CNXL-supported Pd nanoparticles using H, as the
reducing agent and showed catalytic activity of the formed
nanoparticles for catalytic hydrogenation and Heck coupling
reactions."

In this work, we set out to produce CNXL-supported Pd
nanoparticles (PANP@CNXL) through CNXL-induced reduc-
tion of Pd precursors in subcritical and supercritical carbon
dioxide (scCO,).This would have the dual benefits of not
needing an exogenous reductant or immobilizing system and
easy recovery of the supported catalyst by simply venting of
CO,. ScCO, has received a large amount of attention as an
attractive environmentally benign solvent for chemical syn-
thesis.”* *' Some of the most important characteristics of
scCO, are the modest conditions to reach the critical point (T.
= 31.0 °C, p.= 73.9 bar/1072 psi), nonflammability, non-
toxicity, inertness, and natural abundance. Furthermore, the
scCO, solvent power is tunable by simply changing pressure
and temperature,*** while increased solubility can be obtained
using the addition of fluorocarbons. The preparation of metallic
nanoparticles in scCO, is an obvious extension of the
properties of scCO,, the availability of scCO, soluble
organometallic complexes, and the ability to simply vent CO,
after the reduction reaction to yield the reaction products, i.e.,
PANP@CNXL.*

PANP@CNXL composites were produced in subcritical and
supercritical carbon dioxide as a benign solvent and Pd(hfac),
as the Pd precursor as it is soluble in both liquid and
supercritical CO, at different pressures and temperatures.** The
reducing ability of the CNXL surface hydroxyl groups was used
to reduce the Pd precursor, removing the need to add an
additional reducing agent, and resulting in CNXL-supported Pd
nanoparticles (PANP@CNXL) upon venting of the CO,. The
effect of pressure, reaction time, temperature, and ratio of the
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precursor Pd(hfac), to CNXL were investigated, and the
PANP@CNXL composites were characterized with FT-IR, X-
ray photoelectron spectroscopy (XPS), powder X-ray diffrac-
tion (XRD), transmission electron microscopy (TEM), and
thermogravimetric analysis (TGA) in order to show how
conditions affected formation of PANP@CNXLs. As far as we
know, a detailed study of the effect on preparation conditions
on PdNPs on cellulose substrates has not yet been performed.
The ability of the supported Pd nanoparticles to catalyze
carbon—carbon bond formation was subsequently tested using
two different Mizoroki—Heck reactions to show that the
PDNPs formed under CNXL reduction in scCO, display the
same activity as those prepared using exogenous reductants.

B EXPERIMENTAL SECTION

Materials. Palladium(II) hexafluoroacetylacetonate, Pd(hfac),,
acetone, and Amberlite MB 6113 were purchased from Sigma Aldrich
and used as received. Cellulose nanocrystals were prepared from
cotton as described before.*® In brief, CNXLs were extracted from
cotton wool via acid hydrolysis using a 64 wt % aqueous sulfuric acid
solution for 35 min at 45 °C. The suspension was centrifuged, washed,
and dialyzed with tap water to remove residual-free acid. A stable
dispersion was obtained by sonication and filtration over a N°2 fritted
filter to remove aggregates. Ion exchange resin Amberlite MB 6113
was then added to the dispersion under agitation for 1 h to protonate
the CNXL surface and remove nonproton ions. Filtration was then
used to remove the ion-exchange resin, and sonication was used to
individualize the CNXLs. This stable dispersion was subsequently
quickly frozen by immersion into liquid nitrogen, freeze-dried, and
stored in a sealed glass container.

PANP@CNXL Synthesis. [Safety note: Experiments with scCO,
involve high pressures and should only be carried out in equipment
with the appropriate pressure rating and safety operating procedures.
Operators should also be trained to work safely with high pressure
equipment.] The reaction vessel was a home-built 60 mL stainless steel
high-pressure batch autoclave equipped with a mechanical stirrer and a
heating sleeve surrounding the autoclave. The internal pressure was
measured directly using a pressure sensor, which was also connected to
the heating control.

In a typical run, specified amounts of CNXL and Pd(hfac), were
added to the autoclave. After the autoclave was sealed, it was flushed
with CO, for several minutes. After flushing, CO, was introduced with
a Pickel pump (NWA Analytics) while the heating jacket heated the
autoclave. The pressure and temperature were increased simulta-
neously through all experiments. The mixture was subsequently stirred
for the specified time, and the system was depressurized by placing the
autoclave in a dry ice—acetone bath. Venting of the autoclave led to
the reaction product. The sample was then washed with acetone for
several times to remove unreacted precursor and unwanted byproduct
(hexafluoroacetylacetone). During washing, the liquid phase was
separated from the solid phase (PANP@CNXL) by centrifugation.
The cleaned sample was subsequently dried at 50 °C in a convection
oven and finally stored in a closed glass vial under ambient conditions
in air for characterization. The pressure in the autoclave was varied
between 220 and 2240 psi, spanning subcritical and supercritical
conditions while the reaction time ranged from 2 to 17 h.

Over the course of several months of performing the reduction
reaction in the stainless steel vessel, no degradation of the reactor walls
was noticed, which could have occurred under highly acidic conditions.
Furthermore, no reduction of Pd was noticed without addition of
CNXLs, showing that CNXLs were indeed instrumental in the
reduction process.

It also has to be mentioned that the obtained PDNP@CNXLs
could be readily dispersed in water by sonication. This is potentially
very useful as good dispersibility is key to a high catalytic activity.

Characterization Techniques. Powder X-ray Diffraction (XRD).
XRD data were collected on a PANalytical X'Pert Pro MPD X-ray
diffractometer in Bragg—Brentano geometry using CuKa, (4 =
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1.54056 A°) radiation operating at 40 kV and 40 mA with automated
divergence and receiving slits (10 mm illuminated length), 10 mm
beam mask, 0.04 rad soller slits, and a step size of 0.2°. X'Pert
HighScore Plus analytical software was used to analyze the results.

X-ray Photoelectron Spectroscopy. XPS analysis was performed on
dried solid samples from the reactor after purification and drying using
a Kratos AXIS ULTRA spectrometer with a monochromated Al Ko X-
ray source (hv = 1486.6 eV) and a delay line detector (DLD) with a
takeoff angle of 90° and an acceptance angle of 30° while using charge
neutralization. The X-ray gun power was set to 150 W. The spectra
were recorded using an aperture slot of 300 ym X 700 pm with a pass
energy of 80 eV for survey scans and 10 eV for high-resolution scans.
All spectra were recorded using Kratos VISION II software and
processed using CASAXPS software. The binding energy positions
were referenced versus the C, at 285 eV. Pd(0) shows up as a doublet
at 335.2 eV (3ds/,) and 340.1 eV (3d;,,), with Pd(II) signals at 337.3
eV (3ds/,) and 341.5 eV(3d;,). For all samples, the Pd(0) 3p3/2
signal was found not to interfere with Ols due to the relatively low Pd
atom fraction (<S at%), in agreement with other work.*”
Representative spectra can be found in the Supporting Information.

Fourier Transform Infrared (FT-IR). The FT-IR samples were
prepared by forming a thin pellet of KBr and the Pd nanoparticles
supported on CNXLs (98:2 weight ratio). A pure KBr pellet was used
as background and was subtracted from the FT-IR spectra of the
samples.

Thermogravimetric Analysis. The amount of Pd supported on
CNXL was determined by thermogravimetric analysis using a
QS00TGA through comparison of the thermal behavior of dried
purified solid from the reactor with pure CNXL. For a typical test,
about S mg of sample was heated from ambient temperature to 700 °C
at a rate of 10 °C/min under air.

Transmission Electron Microscopy. TEM was performed on a
JEOL 200FX operating at 100 kV. A dilute sample dispersion was
deposited on a carbon coated copper grid and left for 3 min after
which excess liquid was removed. The carbon-coated copper grid had
been exposed to a 25:75 oxygen:argon atmosphere for 3 s prior to
sample deposition to render it more hydrophilic.

Catalytic Application. The catalytic activity of PANP@CNXL was
tested using the Mizoroki—Heck, the addition of an aryl halide to an
alkene, using the following experimental conditions to prepare methyl
trans-cinnamate (Scheme 1) and (E)-stilbene (Scheme 2):

Methyl trans-Cinnamate (2). To a stirred suspension of PANP@
CNXL (4 mg, 35.2 wt % palladium, 0.013 mmol) in dry DMF (S mL)
at rt were added iodobenzene (0.11 mL, 1.0 mmol), methyl acrylate
(0.11 mL, 1.2 mmol), and triethylamine (0.19 mL, 1.4 mmol). The
resultant mixture was stirred for 16 h at 130 °C. The solvent was
removed under reduced pressure, and the mixture was purified by flash
column chromatography on silica gel (9:1 petroleum/EtOAc) to
afford methyl trans-cinnamate (2) as a white crystalline solid (155 mg,
96%), which had spectra identical to that reported in the literature.*®
Mp: 36—37 °C. IR (CH,Cl) vy, 3011, 2953, 1712, 1638, 1602, 1496,
1329, 1316, 1282, 1174, 980, 865 cm ™. 'H NMR (270 MHz, CDCl,):
§7.70 (d, J = 15.9 Hz, 1H), 7.55—7.45 (m, 2H), 7.40—7.37 (m, 3H),
6.45 (d, J = 15.9 Hz, 1H), 3.81 (s, 3H). 3*C NMR (68 MHz, CDCl,):
5 167.5, 145.0, 134.5, 130.4, 129.0, 128.2, 117.9, 51.8. HRMS (EI*) m/
z: caled for C,gH;,NaO, (M + H)* 185.0579; found, 185.0578.

(E)-Stilbene (3). To a stirred suspension of PANP@CNXL (9.8 mg,
23.4 wt % palladium, 0.023 mmol) in acetonitrile/water (1:3, 1.15 mL)
at rt were added sodium acetate (26 mg, 0.32 mmol), iodobenzene
(0.03 mL, 0.27 mmol), and styrene (0.03 mL, 0.28 mmol). The
resultant mixture was stirred for 16 h at 100 °C. CH,Cl, (20 mL) and
H,0 (20 mL) were added. The organic layer was dried over Na,SO,,
and the solvent was removed under reduced pressure. The mixture was
purified by flash column chromatography on silica gel (petroleum) to
afford (E)-stilbene (3) as a white crystalline solid (42 mg, 87%), which
had spectra identical to that reported in the literature.*” Mp: 124—125
°C;IR (CHCLy) v, 3081, 3062, 3010, 1600, 1497, 1453 1072, 1030,
984, 960 cm™'. '"H NMR (270 MHz, CDCl,): § 7.56—7.38 (m, 10H),
7.16 (s, 2H). 3C NMR (68 MHz, CDCl;): § 137.4, 128.8, 128.3,
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127.7, 126.6. HRMS (EI") m/z: caled for C,H;, (M + H)* 180.0939;
found, 180.0936.

Scheme 1. Methyl trans-Cinnamate Preparation Reaction
Scheme

| Pd-CNXL (1 mol %) Q
_ =
OMe
Et;N, DMF, 16 h, 96% |
1 o) Ph 2

\)LOMe

Scheme 2. (E)-Stilbene Preparation Reaction Scheme

©/| Pd-CNXL (10 mol %) Ph
—_— |
NaOAc, MeCN:H,0 Ph 3
1 o Ph 16 h, 87%

B RESULTS AND DISCUSSION

The effects of pressure, reaction time, and Pd(hfac), to the
CNXL ratio on the Pd reduction and formation of PANP@
CNXLs were investigated independently, and the effects of
each of these parameters are described below. Figure 1 shows a
typical XRD pattern for cellulose nanowhisker-supported Pd
nanoparticles from a typical experiment. Five peaks labeled
around 40°, 46°, 68°, 82° and 86° correspond to the crystal
planes of Pd(0). The Scherrer equation was applied to the
(111) peak of Pd to calculate the mean diameter of the
synthesized Pd nanoparticles. The peak observed at 22.7° is the
CNXL (200) crystal plane of the cellulose 14 polymorph.*¢=°
Other cellulose peaks are of too low intensity to be seen in the
diffractogram.
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Figure 1. XRD pattern of a synthesized PANPs supported on cellulose
nanowhiskers in supercritical carbon dioxide at 100 °C, 1240 psi, and
17 h.

Effect of Pressure. Pd nanoparticles supported on CNXL
were synthesized using subcritical and supercritical carbon
dioxide by varying the pressure between 240 and 2200 psi
(going through the supercritical point). The temperature,
reaction time, and weight ratio of the precursor (Pd(hfac),) to
CNXL were fixed at 100 °C, 17 h, and 2% w/w, respectively.
For all pressures, the color of CNXL changed from white to
dark gray or black due to loading of PANPs onto the surface of
CNXL. The X-ray diffractograms confirmed the formation of
Pd nanoparticles by the appearance of Pd crystal plane signals
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Figure 2. Effect of pressure on (a) the mean diameter of synthesized PANP@CNXL and (b) the relative intensity of the FTIR signals from 1710 to
1630 cm™" for the PANP@CNXL particles prepared at 100 °C, 17 h, and 2% w/w for precursor to CNXL. Solid lines are drawn to guide the eye.

as shown in Figure 1. FTIR spectra of the actone-washed
product showed the appearance of a new peak at about 1710
cm™" (Supporting Information), attributed to the carbonyl
stretch of aliphatic ketone and carboxylic acid formation due to
oxidation of the cellulose surface,”" which provides the driving
force for the reduction of Pd(1I) to Pd(0). The oxophilicity of
Pd>® then provides ample attractive interaction with the
oxidized cellulose to remain attached to the surface and form
PANP@CNXL. The PANPs were not removed during the
acetone wash indicating sufficiently strong interactions. The
CNXLs thus act as both the reducing agent and the support
material, similar to our previous work on Ag and Pt in aqueous
solutions.> ™’

The mean diameter of synthesized PANPs based on the XRD
data (Figure 2(a)) increases with increasing pressure until
1000—1100 psi, at which point carbon dioxide changes from
gas to supercritical, followed by a decrease in diameter at 2200
psi. Performing the reduction at 3500 psi resulted in the
absence of any Pd peaks in the XRD spectrum, indicating no Pd
reduction by the cellulosic surface. The relative height of the
carbonyl stretch at 1710 cm™ follows a similar trend to the
PANP mean diameter (Figure 2(b)). However, the lowest
carbonyl content was determined for the largest particle size,
with a minimum in the trend appearing around 1000—1100 psi,
the gas supercritical phase transition point.

The Pd loading on CNXL also shows a dramatic effect at the
phase transition between gas and supercritical CO, (Figure 3).
The Pd content increased with increasing pressure until the
critical pressure is reached, resulting in a dramatic reduction in
Pd loading, which then stays roughly constant over the whole
measured supercritical pressure range at about 25 wt % (no Pd

50

w
(=}

Loading %

5o}
(=}

1200 1600 2000

Pressure/psi

400 800

Figure 3. Effect of pressure on the loading percentage of synthesized
PANP@CNXLs prepared at 100 °C, 17 h, and 2% w/w for precursor
to CNXL as obtained from TGA analysis.
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loading was measured at 3500 psi confirming XRD results).
The large dip in Pd loading at the critical transition may be due
to surface effects where supercritical phase formation is seeded
at the CNXL surface rather than in the CO, bulk. This would
drastically reduce access to the surface and may even create
convective movement away from the surface, thus lowering Pd
reduction.

It thus appears that Pd reduction at pressures well above the
supercritical point behaves similar to Pd reduction at pressures
well below the supercritical point. This indicates that Pd
concentration is extremely important in determining PdNP
loading, particle size for a given reaction time, and the extent of
cellulose surface oxidation. As these findings are within
expectations and the increased pressure would require
unnecessary additional costs for commercial production, we
decided not to add further samples in the 1400—2200 psi range.

XPS analysis of the samples shows the same behavior around
the supercritical transition point. The Pd,,/C and Pd(0)/C
ratios peak at the highest gaseous pressure and reduce upon
breaching the critical pressure point of the gas supercritical
phase transition (Figure 4). The amount of Pd(II) on the
CNXLs does not appear to be strongly affected by the pressure,
even though it shows a slight dip around the gas supercritical
phase transition. It is found to be always significantly lower
(less than 20%) than the amount of reduced Pd(0). The reason
for the near-constant Pd(II) content may be that the Pd(II) in
the nanoparticles appear at the interface with the CNXLs and
form the bonds that keeps the PANPs attached to the CNXLs.
Indeed, they were not washed off, meaning that the interaction
between PDNPs and CNXLs must be quite strong. It shows
that most of the Pd supported on the surface of cellulose has
indeed been reduced to Pd(0). The cellulose O/C ratio follows
the same trend as the Pd,,,/C and Pd(0)/C ratios. The
theoretical O/C ratio for pure cellulose is 0.83, while the
experimental ratio determined by XPS can be smaller due to
carbonaceous species adsorbed onto the CNXL surface.”> For
the CNXL used in this work, we determined a ratio of 0.78.
Upon reduction of Pd(II), this ratio goes through a small dip,
rises toward the pure cellulose ratio, and then decreases again
above the gas supercritical transition pressure (Figure 4(b)).
The pure cellulose ratio is achieved where the carbonyl stretch
vibration signal in FTIR reaches a maximum. The TGA showed
the highest Pd loading, and XRD determined the largest Pd
mean particle size.

The solubility of metal complexes with fluorinated ligands in
CO, increases with increasing pressure.”*>* This results in
increased reduction of Pd(II) to Pd(0) with increasing CO,
pressure below supercritical conditions, as evident by the
increased Pd loading and higher PANP mean size/diameter.

dx.doi.org/10.1021/5c¢500079q | ACS Sustainable Chem. Eng. 2014, 2, 1241—1250
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Figure 4. Effect of pressure on the atomic surface composition of the synthesized PANP@CNXLs as prepared at 100 °C, 17 h, and 2% w/w for
precursor to CNXL. Error bars denote 1 standard deviation (for Pdy,,/C in (b), error bars are smaller than data points).

The concurrent oxidation of the CNXL surface occurs in the
absence of oxygen, so it can be expected to first result in
ketone/aldehyde formation through dehydrogenation as has
been shown for other alcohols.*® This will keep the O/C ratio
constant but will result in the appearance of a C=0O stretch
signal in FTIR in the initial stages of Pd reduction. Further
oxidation of the cellulose surface to drive Pd(II) reduction
cannot occur by conversion of aldehydes to carboxylates using
atmospheric oxygen due to oxygen-free reaction conditions.
Under oxygen-free conditions, however, ethanol has been
shown to decompose to CH,, CO, H, and COZ.56 The
increasing O/C ratio as the Pd around the gas supercritical
phase transition indicates a depletion of oxygen relative to
carbon. This happens at the same time as a decrease in relative
intensity of the carbonyl stretch, indicating degradation of the
cellulose surface through formation and release of CO, (thus
decreasing C=0 signal) as a result of Pd reduction. This
degradation of cellulose is coupled with an increase in particle
size and Pd loading. It appears that at a certain point, the top
cellulose layer is so degraded that the pure underlying cellulose
is exposed, giving a O/C ratio close to the ratio expected for
pure cellulose (0.83), which then further oxidizes (increasing
O/C ratio and increasing C=0 stretch).

Furthermore, in the scCO, phase, the Pd(II)-to-Pd(0)
increases with increasing pressure, indicating that Pd reduction
becomes less favorable due to the gaseous byproducts that are
required to be formed. The absence of reduction at very high
pressures (3500 psi) results from known attractive interactions
between CO, and hydroxyl and carbonyl groups. This may
result in a barrier of CO, molecules, blocking or severely
hindering access of Pd(II) to the surface hydroxyl groups where
reduction has to occur.’”®

Effect of Reaction Time. The effect of the reaction time on
the synthesized PANPs supported on CNXL was studied in the
range of 2—17 h, while pressure, temperature, and weight ratio
of (Pd(hfac),) to CNXL were fixed at 1300 psi, 100 °C, and 2%
w/w, respectively (Figure S). The mean size of PANP@CNXL
particles was found to increase with increasing reaction time up
to 14 h (Figure 6). At 17 h, however, the mean diameter is
shown to decrease. This suggests that the maximum diameter
of supportable Pd nanoparticles on CNXLs is around 12—13
nm. This is twice the size of the CNXL cross section (cotton-
derived CNXLs have a cross section of about 6.1 nm>”).

The relative intensity of the carbonyl stretch concurrently
increased for low reaction times and went through a slight dip
as the reaction time further increased (Figure 6(a)). Compared
with the Pd loading obtained from TGA, one notices that it
follows a wavy curve as well but not in phase with the carbonyl
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Figure S. Effect of time reaction on the mean diameter (based on
XRD experiments) of the synthesized PdNs supported on CNXL at
100 °C, 1300 psi, and 2% w/w for precursor to CNXL. The line is
drawn to guide the eye.

stretch data, further suggesting that Pd is reduced by cellulose
and part of the glucose units are consumed in the process as
postulated before (through formation of ketones and aldehydes
followed by CO, formation). It appears that initially the surface
cellulose layer is oxidized, thereby increasing the measured
carbonyl signal. Longer reaction times result in further
oxidation and thus decomposition of the surface cellulose
chains thereby reducing the carbonyl signal, followed by
oxidation of the subsequent cellulose chains (increase in C=0
vibration).

TGA determination of Pd loading on the PANPs@CNXL
composites shows a very surprising trend (Figure 6(b)).
Whereas the maximum Pd loading is found for the largest
particle mean diameter as could be expected, loading is found
to go through a minimum around the same time where the
carbonyl stretch signal starts to reduce in size. Because this
occurs at the same time as a continuous increase in average
particle size (Figure S), this can only be the result of PANP
detachment from the CNXL surface as they become too big.
We thus propose the following mechanism. Initially, Pd
particles are seeded, and each grows at different speeds. As
they reach a critical diameter of around 13 nm, they detach.
The larger particles contain the largest relative amount of Pd,
enabling a decrease in overall Pd content even when the
average size increases with time. At around 8 h, with the
average particle diameter around 8 nm (and Pd loading ~15%),
the decrease in loading is reversed as the difference in Pd
content in detaching particles and remaining particles becomes

dx.doi.org/10.1021/5c¢500079q | ACS Sustainable Chem. Eng. 2014, 2, 1241—1250
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Figure 7. Effect of reaction time on the atomic surface composition of the synthesized PANP@CNXLs at 100 °C, 1300 psi, and 2% w/w for
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smaller. If none of the existing PANPs formed at 8 h would
detach, the Pd loading at 14 h (diameter 13 nm) would be
approximately 65%, well above the maximum value of 45% in
our samples, indicating that nanoparticle detachment does
occur and that this is a viable hypothesis.

XPS analysis shows a similar trend for both the Pd(0) and
Pd(II) to C ratio for the PANPs as shown for the Pd content in
the PANP@CNXL materials (Figure 7). A higher ratio of Pd(0)
to C is obtained for a lower carbonyl stretch content of the
CNXL, further showing that more reduction of Pd(II) has
occurred. The Pd(II)/C ratio follows a similar albeit less
pronounced trend. This provides further evidence of the theory
that subsequent layers of CNXL are being oxidized throughout
the Pd reduction process. The O/C ratio follows the same
trend as the TGA data, in line with the behavior shown for the
Pd loading and O/C ratio with varying pressure (Figure 4).

Effect of Weight Ratio. The effect of the weight ratio of
precursor (Pd(hfac),) to CNXL was studied in the range of 1—
4% w/w (CNXL weight kept constant, Pd(hfac), weight
varied) while pressure, temperature, and reaction time were
fixed at 1330 psi, 100 °C, and 10 h, respectively (Table 1).
Surprisingly, the PANP mean diameter and loading go through
a maximum and minimum, respectively, at a 2% w/w precursor
to CNXL ratio. The atomic O/C ratio remains rather constant

Table 1. Results of XRD, TGA, and XPS at Different Weight
Ratios of Precursor to CNXL

weight ratio PANPs mean diameter loadin,
(% w/w) (nm) (wt %% o/C
1 7 37.8 0.85
2 10 21.3 0.82
4 7 30.2 0.81
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between 0.85 and 0.81. The maximum in PANP diameter
occurs at roughly the same particle size as the maximum shown
for increasing reaction times, indicating that 10—12 nm may be
the upper limit for supported PANP@CNXLs.

These combined results follow similar behavior as was shown
for the constant ratio of precursor to CNXL with increasing
reaction time. At lower weight ratios (1 and 2% w/w),
increasing the weight ratio leads to larger PANPs with lower
overall Pd loading for a constant reaction time (same effect as
shown for a constant ratio and increasing reaction time up until
10 h). Increasing the ratio further leads to an increase in Pd
loading but also reduces the PANP diameter as the larger
particles detach. The slight decrease in O/C ratio is indicative
of increased oxidation of the cellulose surface through CO,
formation, in line with increased reduction of Pd(II) with
increasing precursor loading.

PANP@CNXL Visualization. The XRD diffractograms
(Figure 1) show the retention of the CNXL crystalline
structure for all the obtained PANP@CNXL composites.
However, electron microscopy was used to confirm the
retention of the CNXLs’ rodlike structure and to confirm the
presence of PANPs on the surface of the CNXLs (Figure 8).
Samples were run after deposition of the nanoparticles from
DMEF dispersion directly, and some were stained with a 2 wt %
aqueous uranyl acetate solution in order to more clearly show
the CNXLs. In the unstained samples (Figure 8(A,B)), the
PdNPs are clearly visible and are shown sitting on a substrate
slightly darker than the carbon coating. Analysis of the
nanowhisker diameters shows them to be in broad agreement
with XRD measurements, while the crystal plane diffraction is
shown in high magnification confirming the crystalline nature
of the PANPs (Supporting Information). Stained samples show
the PANP@CNXL composites to exist as aggregates of rodlike
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Figure 8. TEM micrographs of (A, B) unstained deposits of PANP@CNXLs and (C—E) PANP@CNXL deposites stained with uranyl acetate.

Stained samples show the expected structure of CNXL aggregates.

structures on the surface of which the PANPs can be found
(Figure 89(C—E)). No individual nanowhiskers with PANPs
were found on the stained samples, but this could be due to the
relatively high concentration of the dispersion used for sample
preparation and drying conditions. The relative size of the
PANPs@CNXL is further in agreement with the size/diameter
determined from XRD Scherrer fitting analysis.

Catalytic Activity. The synthesis of carbon—carbon bonds
via palladium-catalyzed cross coupling methodology is ex-
tremely important for the synthesis of added-value organic
molecules.”’ The utility of the method stems from the
generality of the technique and functional group compatibility
and the fact that it allows for the facile synthesis of complex
molecules.®’ Despite the many advantages of this process,
problems associated with catalyst separation, sensitivity to air/
moisture, and toxicity of the frequently used phosphine 1i§ands
persist.%> The use of solid supports®>~°° and nanoparticles®® has
been investigated to overcome some of these problems,
although the often lengthy preparation times and difficulties
in isolation of the catalysts can limit the overall utility of these
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Scheme 3. PANP@CNXL-Catalyzed Heck Reactions
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approaches. In contrast, the PANP@CNXL catalyst is easy to
synthesize from a renewable feedstock without the need for an
exogenous reducing agent. PANP@CNXL displayed good
catalytic activity in the Mizoroki—Heck reaction, ie., the
addition of an arylhalide to an alkene. For example,
iodobenzene (1) underwent a smooth coupling with methyl
acrylate to give methyl trans-cinnamate (2) in excellent yield
under standard reaction conditions (Scheme 3), showing that
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Table 2. Comparison of Pd—Cellulose Catalysts for the Mizoroki—Heck Reaction

author Pd—cellulose formation catalyst size (nm) cross-coupling conditions product yield (%)

Reddy®® PdCl,, MC,* NH,NH, MeOH, t, 12 h 10-20 Et;N, MeCN, 82 °C 2 98

Et;N, DME, 120 °C 3 100

Cui® PACL,, cellulose, EtOH, 60 °C, 72 h N/A EtN, H,0, 90 °C 3 98

Moores' PdCL, CNC,? HCI H,0; 3.6+ 08 K,COs, H,0/MeCN, 100 °C 3 75
H, (4 bar), 2 h

Tang’® PdCl,, BC,° 140 °C, 5 h 40 Et;N, DMF, 120 °C 2 94

NaBH,, 80 °C, 3 h Et;N, DMF, 100 °C 3 86

Li’! PdCl,, DPPC,? EtOH reflux, 24 h 3-10 Et;N, DMF, 110 °C 3 91

Shaabani72 PdCL, EDAC,® tt, 24 h 46-68 K,CO;, H,0, 100 °C 2 98

NaBH,, t, 5 h K,CO, H,0, 100 °C 3 99

“Microcrystalline cellulose. “Colloidal cellulose nanocrystallites. “Bacteria cellulose. “Diphenylphosphinite cellulose (~5 d preparation).

°Ethylenediamine-functionalized cellulose (~48 h preparation).

supporting the PANPs on cellulose does not affect its activity.®”
Additionally, the unactivated alkene styrene reacted under
aqueous Mizoroki—Heck conditions to afford the desired
addition adduct 3 in good yield. Direct comparison of this
approach to other palladium—cellulose catalysts systems
developed by Reddy, 8 Cui,® Moores," Tang,70 Li”' and
Shaabani” is difficult due to the stark differences in the
preparation of the catalysts and coupling reaction conditions
(Table 2). However, our results fit squarely within the range of
yields and nanoparticle sizes previously reported but without
the need for an organic solvent, exogenous reducing agent, or
extended reaction time to form and isolate the catalyst.

Bl CONCLUSION

PdNPs supported on CNXL were synthesized using subcritical
and supercritical CO, in one step. Relying on the FTIR and
XRD results, CNXL could play as both a reduction agent and
biomass supporter in this work. The pressure, reaction time,
and weight ratio of precursor Pd(hfac) could control the
particle mean diameter and loading percent of PA@CNXL. The
maximum mean diameter of PANPs was about 13 nm, where
pressure, temperature, reaction time, and weight ratio of the
precursor to CNXL were 1300 psi, 100 °C, 10 h, and 2% w/w,
respectively. Also, under these conditions, the loading percent
of PANPs@CNXL was at the maximum value, 45% w/w. TGA
results confirmed that PANPs supported on cellulose increased
the combustion temperature of the treated CNXL comparing
to untreated CNXL. Finally, these nanoparticles were shown to
be catalytically active in palladium-mediated cross-coupling
reactions of arylhalides and alkenes.
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